The virulence factor concept has been a powerful engine in driving research and the intellectual flow in the fields of microbial pathogenesis and infectious diseases. This review analyzes virulence factors from the viewpoint of the damage-response framework of microbial pathogenesis, which defines virulence factor as microbial components that can damage a susceptible host. At a practical level, the finding that effective immune responses often target virulence factors provides a roadmap for future vaccine design. However, there are significant limitations to this concept, which are rooted in the inability to define virulence and virulence factors in the absence of host factors and the host response. In fact, this concept appears to work best for certain types of bacterial pathogens, being less well suited for viruses and commensal organisms with pathogenic potential.
INTRODUCTION
The idea that pathogenic microbes are endowed with certain components that confer upon them the capacity for virulence is the central theme of the virulence factor concept. Although the definition of what constitutes a virulence factor is varied and controversial (Casadevall & Pirofski 1999) , and this idea has been undermined by the finding that commensal organisms cause disease (Casadevall & Pirofski 2001) , the concept maintains a powerful grip in the imagination of investigators and continues to drive much of the intellectual and experimental energy in the field of microbial pathogenesis. The virulence factor concept has unquestionably led to the identification of important microbial attributes of virulence that have greatly furthered our understanding of microbial pathogenesis. Furthermore, the approach of defining virulence factors by the use of the molecular postulates (Falkow 1988 (Falkow , 2004 has provided an experimentally rigorous approach to the study of virulence in certain microbes. Nevertheless, the virulence factor concept has significant limitations for a global understanding of microbial virulence. In this paper, we review the historical context for the emergence of the virulence factor concept and then consider it from the viewpoint of the damage-response of microbial pathogenesis.
THE HISTORICAL CONTEXT
The development and proof of the germ theory of disease in the second half of the 19th century brought about a revolution in the history of medicine because it associated microbes with diseases. Once it was clear that some microbes caused disease, the next challenge was proving limitations, including that they applied primarily to bacterial diseases and implied that the ability to cause disease was a transferable property that could be expressed in another host. The subsequent recognition that human hosts were inhabited by large numbers of microbes, although only a few had been associated with disease, contributed to the view that the microbes that caused disease were unique. The concept that there were pathogenic and non-pathogenic microbes raised the question of whether or not pathogenic microbes differed from non-pathogenic microbes, and if so, how they differed.
To understand the differences between pathogenic and non-pathogenic microbes early investigators tried to identify characteristics that allowed pathogenic microbes to cause disease. The majority of these early studies involved bacteria, since they caused most lethal infectious diseases for which an etiology could be determined at the turn of the 20th century. Studies on many of the most devastating infectious diseases of the time led to the discovery that the microbes that caused them expressed disease-conferring determinants. The discovery that the diseases caused by toxin-producing (diphtheria, tetanus, anthrax) and encapsulated microbes (pneumococcal pneumonia, meningococcal meningitis and Haemophilus influenzae meningitis) required the presence of specific microbial determinants led to the view that there were intrinsic differences between pathogens and non-pathogens and the concept that diseaseassociated microbes were endowed with certain characteristics that enabled them to cause disease. Kolmer viewed microbial pathogenicity as arising from two microbial factors that he called toxicity and aggressiveness, with the latter being a measure of invasive power (Kolmer 1924) .
Microbial poisons and toxins that damaged the host caused toxicity, whereby aggressiveness was a complex trait that included the ability of a microbe to survive and multiply in tissue (Kolmer 1924) . Toxicity could result from the action of microbial exotoxins or endotoxins. The pathogenesis of diseases with certain organisms suggested that aggressiveness and toxicity were separable. For example, Streptococcus pneumoniae was viewed as highly aggressive, since it was endowed with a polysaccharide capsule that facilitated survival in tissue yet made little or no toxin, whereas Corynebacterium diphtheriae was highly toxic but displayed relatively little aggressiveness with regards to tissue invasion. Although the characteristics of toxicity and aggressiveness were put forth as separate traits, the discovery that toxin-mediated cell damage could facilitate tissue invasion revealed that the interplay between microbial effects, the host response and the subsequent behavior of the microbe led to convergence, rather than separability. This phenomenon was illustrated by the 'leukocidins' produced by Staphylococcus aureus and Streptococcus pyogenes (Stewart 1968; Wilson & Miles 1975) , which were exotoxins that facilitated invasion by killing leukocytes.
In the intellectual milieu that viewed pathogenic and non-pathogenic microbes as fundamentally different, Bail proposed his aggressin theory, which held that pathogenic microbes produced compounds known as aggressins that interfered with host defense mechanisms and allowed the microbe to establish itself in the host (for a review of Bail's work in English, see Zinsser (1914) ). Although the compounds on which Bail based his theory were probably bacterial endotoxins, his ideas were highly influential and planted the conceptual seed that would eventually evolve into the view that pathogenic microbes had virulence factors. However, even in the early days of medical microbiology, there were indications that microbe-centric views of microbial pathogenesis could not be explained by the view that pathogenic and non-pathogenic microbes were intrinsically different. First, the discovery of the phenomenon of virulence attenuation implied that virulence was not a stable phenotype. The fact a pathogenic microbe could lose virulence suggested that there was a distinction between microbial virulence and pathogenicity.
Although many authorities consider pathogenicity and virulence as synonymous, we make a distinction between these terms. We define pathogenicity as the capacity of a microbe to cause damage in a host (Casadevall & Pirofski 1999) . In contrast, we consider virulence to be a relative quality and define it as the relative capacity of a microbe to cause damage in a host (Casadevall & Pirofski 1999) . The need for a relative term is apparent from the fact that there are no absolute measures of virulence. The fact that virulence can be attenuated, or enhanced for a pathogenic microbe, highlights the relative quality of this term. Early investigators noted that attenuated microbes could sometimes be restored to their pathogenic phenotype by passage through animal hosts. Neisseria meningitidis was found to rapidly lose virulence when isolated from patients with meningococcal meningitis, though it could be restored by passage in mucin-treated mice (Miller 1933) . Second, landmark studies in immunity had shown that pathogenic microbes did not cause disease in immunized hosts and that passive antibody administration could completely protect certain naive hosts against lethal infection. The ability of the immune system to neutralize the pathogenicity of a microbe, and thus render it non-pathogenic, also argued against an essential difference between pathogenic and non-pathogenic microbes based on microbial characteristics alone. Consequently, some authorities professed the view that there was no fundamental difference between pathogenic and non-pathogenic microbes.
By the mid-20th century, the occurrence of diseases that were attributed to microbes previously considered to be non-pathogenic was linked to medical advances that disrupted host immune function. For example, by the 1950s the introduction of broad spectrum antimicrobial therapy and corticosteroids was associated with candidaiasis, a disease that was extremely rare earlier in the century (Jawetz 1956) , and the widespread use of intravenous catheters was associated with Staphylococcus epidermidis bacteremia. The emergence of diseases caused by commensal microbes in hosts with immune impairment and/or altered skin and mucosal surfaces posed a direct challenge to microbe-centric views of microbial pathogenesis, while illustrating the critical role played by the host in the development of disease. However, microbial diseases that occurred in immunocompromised hosts were often viewed as a separate entity from the infectious diseases known since antiquity, as exemplified by the concepts of microbial opportunism and opportunistic infection (Poindexter & Washington 1974; Lauter 1975; von Graevenitz 1977 Armstrong 1993 . Opportunistic microbes were often considered different from the pathogenic microbes, which were the subject of classical studies and referred to as primary pathogens. However, the distinction between opportunistic and primary pathogens was problematic, because microbes that caused disease in apparently normal hosts, such as M. tuberculosis and S. pneumoniae, caused disease more frequently in the setting of immune impairment and could be labeled as opportunists. Historically, a precise definition for virulence has been elusive because virulence is only one outcome resulting from the interaction between a microbe and a host.
Consequently, there are numerous definitions for virulence in the literature that have been formulated from microbeand host-centric views of microbial pathogenesis. In 1999 we proposed a new general theory of host-microbe interactions (Casadevall & Pirofski 1999 ) that has been developed in subsequent papers into the 'damage -response framework' of microbial pathogenesis (Casadevall & Pirofski 2000 . In contrast to prior microbe-or host-centric views of microbial pathogenesis, the damage-response framework incorporates the contributions of both the host and microbe to microbial pathogenesis and virulence. The damageresponse framework provides a new approach to defining virulence and virulence factors that sidesteps the conundrum caused by the limitations of prior definitions.
VIRULENCE AND VIRULENCE FACTORS IN THE CONTEXT OF THE DAMAGE -RESPONSE FRAMEWORK
The damage-response framework is based on three tenets that are both self-evident and incontrovertible:
(1) microbial pathogenesis is the outcome of the interaction between two entities, namely a host and a microbe; (2) the relevant outcome of host -microbe interaction in a given host is damage in the host and (3) host damage can reflect the action of microbial factors, the host response, or both. damage-response framework posits that the outcome of the interaction between a host and microbe depends on the extent of damage (or its inverse, which is a benefit) sustained by the host. The damage-response framework proposes that the basic curve is a parabola whereby host damage is maximized at the extremes of the host response. For a detailed discussion of the damage-response framework see Casadevall & Pirofsky (1999 , 2000 . We believe that the damage -response framework is a significant conceptual advance, because it provides a robust, yet flexible, system that is based on simple accepted assumptions in microbial pathogenesis. The focus of the damage-response framework on host damage provides a new set of definitions that permit a different approach to the problem of virulence and, by extension, to virulence factors.
In the damage-response framework, a pathogen is a microbe capable of causing host damage, virulence is the relative capacity of a microbe to cause damage in a susceptible host and a virulence factor is a microbial component that can damage a susceptible host. It is noteworthy that this definition of a pathogen is so broad that it could eventually lose its meaning since practically any microbe could cause damage in some host. However, this conundrum is precisely our point since we do not feel that making a distinction between pathogenic and nonpathogenic microbes is a useful way to approach microbial pathogenesis . In fact, calling a microbe a pathogen has the inherent logical flaw that confers to the microbe an attribute that is independent of the host and consequently one might question the essential usefulness of this term. We have argued that, instead of making distinctions between pathogens and non-pathogens, a more productive avenue is to focus on the outcome of the host-microbe interaction . It is noteworthy that others have challenged the validity of limiting the word 'pathogen' to microbes as a corruption of the original meaning of the term (Cunliffe 2008) . 
VIRULENCE FACTORS AFFECT THE SHAPE OF THE 'DAMAGE -RESPONSE' RELATIONSHIP
In the context of the damage-response framework, virulence factors can also be viewed as microbial components that alter In the subsections below, we list a sampling of the types of virulence factors found in the literature. Our goal is neither to be exhaustive nor complete, but rather to give a feel for how different types of virulence factors work and damage the host. Furthermore, we make no attempt to group them into functional categories since most virulence factors have multiple effects in their interaction with the host and any attempt at neat categorization is largely a selfdefeating exercise.
TYPES OF VIRULENCE FACTORS

Exotoxins
Toxins were recognized as virulence factors at the dawn of the medical microbiology age when they were asso- (Henderson et al. 1996) . Although many types of components that elicit cytokine responses such as toxins and adhesins also have other functions in the pathogenic process, their ability to cause damage through a common pathway mediated by host inflammatory components has led to the suggestion that are also modulins (Henderson et al. 1996) . (Cox et al. 2000) .
Enzymes
Adhesins
Adhesins are microbial components that enable a microbe to attach to host tissues. Since it is widely accepted that attachment is required for most microbes to infect and grow in a host, adhesins are considered virulence factors. hypha-specific surface protein (Hwp1) (Staab et al. 1999) and integrin-like proteins (Gale et al. 1998) . Like other virulence factors, adhesins are surface-exposed molecules that can elicit protective immune responses. Hence, in the case of E. histolytica, induction of an IgA response to Gal/GalBAc can make the host more resistant to amoebiasis (Houpt et al. 2004 ).
Motility
Motility is a complex trait that has been associated with 
Complement evasion
The complement system is a central component of innate immunity and host defense against microbial agents. proteins (Angel et al. 1994) , and Group A and B streptococci express a C5a peptidase, which inhibits leukocyte recruitment (Hill et al. 1988; Ji et al. 1996) . Other strategies for complement inhibition involve microbial determinants that bind or mimic ligands of human regulators of complement activation (RCA), such as Factor H, CD55 (decay accelerating factor, DAF), CD21 (CR2) and CD46 (MCP) (Lindahl et al. 2000) . The nature of these determinants is diverse, but they have in common that they are surface- Mutants deficient in laccase are less virulent and exhibit impaired dissemination from primary pulmonary infection (Salas et al. 1996; Noverr et al. 2004) . Interference with melanization in vivo can prolong survival ) and antibodies to melanin have been shown to be protective in animal models of infection (Rosas et al. 2001) .
Other pigments associated with virulence in diverse microbes include pyocyanin in P. aeruginosa (Lau et al. 2004 ) and malarial pigment in Plasmodium falciparum (Lyke et al. 2003) .
Pro-apoptotic mechanisms
Apoptosis is a non-inflammatory form of cell death that contributes to the maintenance of normal host tissue (Weinrauch & Zychlinsky 1999) . Virus-induced apoptosis has been proposed to benefit the host by destroying cells in which viral replication would take place, with the caveat that the death of host cells could be detrimental, as described for Sinbis virus, whereas virusinduced anti-apoptotic mechanisms can enhance viral replication and survival (Griffin & Hardwick 1997) .
Biofilm formation
Biofilms are dense aggregates of microorganisms embedded in an exopolysaccharide matrix (Cvitkovitch et al. 2003) . Staphylococcus aureus has a complex sensing apparatus that includes several two-component systems which regulate various characteristics associated with virulence (reviewed in Bronner et al. (2004) ). Eukaryotic microbes also sense the environment and signal through a phospho-relay mechanism that involves histidine kinases (Santos & Shiozaki 2001) .
Candida albicans undergoes yeast to hyphal transition after sensing a variety of stimuli that include mammalian serum.
In C. albican, morphogenic changes associated with virulence are mediated through signal transduction mechanisms that include histidine kinases (Dhillon et al. 2003) and Human airway epithelial cells have been shown to inactivate one of the two quorum-sensing molecules of P. aeruginosa (Chun et al. 2004) . Conversely, quorum sensing may affect the type of immune response, and differences in immunoglobulin production have been described in rats infected with wild-type and quorum-signal-deficient mutants of P.
aeruginosa (Wu et al. 2004) , possibly as a consequence of direct effects by quorum-sensing molecules on the antibody response (Ritchie et al. 2003) .
Secretion systems
Bacterial secretion systems export microbial effector proteins that are essential for virulence. There are at least four types of secretion systems that have been implicated in virulence known as Types I-IV. The Type I secretion system is a protein-mediated secretion system which is used in the export of certain toxins and in drug efflux (reviewed in Remaut & Waksman (2004) ). The Type II secretion system, also known as the general secretion system, is widely distributed in bacteria and is responsible for the export of certain toxins and enzymes (Sandkvist 2001) . The Type II secretion system is composed of a multi-subunit protein assembly that spans the periplasmic space and it functions to export proteins to the extracellular compartment (Sandkvist 2001) . In addition to the general secretion pathway, some For pathogenic Yersinia spp., the ability to resist phagocytosis resides in the use of a Type III secretion system to inject the tyrosine phosphatase YopH into the cytoplasm of phagocytic cells which disrupts cellular function and causes rounding up of the cell (Fallman et al. 2001) . Hence, the Yersinia Type III secretion system illustrates there is continuity and overlap between attributes that enable survival in a host and those that facilitate inducible resistance to phagocytosis. Type IV secretion systems constitute another type of protein delivery system to eukaryotic cells that are evolutionarily related to bacterial conjugation systems (Christie 2001) . Many of the bacterial effector molecules delivered by Type IV secretion pathways interfere or co-opt host cellular pathways (Nagai & Roy 2003) .
Iron acquisition
Iron is essential for microbial growth and metabolism.
While obtaining iron is a major challenge for prokaryotic Neisseria menigitidis (Holbein 1980) . In contrast, iron uptake mutants can be avirulent (Genco et al. 1991 ) and iron deficiency is associated with increased resistance to infection (Litwin & Calderwood 1993) . (Litwin & Calderwood 1993) .
Organisms that do not express siderophores obtain iron through species-specific surface-exposed receptors for transferrin, lactoferrin and other iron-containing molecules (Genco et al. 1991; Litwin & Calderwood 1993) . Neisseriae spp. can utilize diverse human iron sources, including transferrin, lactoferrin, hemoglobin and haptoglobinhemoglobin complexes (Genco et al. 1991) . Yersinia pestis has a complex iron acquisition system that is essential for virulence and includes heme transport (Perry 1993) .
Expression of Neisserial transferrin receptors (tfr), which can undergo phase variation, is negatively regulated by Fur 
Other virulence determinants
Because of space limitations, we cannot provide an exhaustive summary of all virulence determinants. Nevertheless, special mention should be made of phenomena associated with virulence that constitute major fields of study in certain fields. In fungi the yeast to hyphal transition is associated with virulence in several pathogenic organisms (Gow et al. 2002; Romani et al. 2002) . Bacteria interfere with cytokine secretion and inflammatory cascades through numerous mechanisms that range from adhesion to direct cellular injury mediated by secretion systems (Wilson et al. 1998) . Bacteria require Mn and Zn and transporters for these metal ions have been associated with virulence (Claverys 2001; Papp-Wallace & Maguire 2006) . The ability for antigenic variation is widespread among pathogenic microbes and may represent a fundamental mechanism for evading immune responses (Deitsch et al. 1997) . Numerous mechanisms for antigenic variation are found in bacterial, fungal, protozoal and viral pathogens (Deitsch et al. 1997 ).
Thermotolerance to mammalian temperatures is considered a necessary characteristic of mammalian pathogens.
SUMMARY
The virulence factor concept has been a powerful engine in 
